We consider an extension of the Standard Model that provide an unified description of eV scale neutrino mass and dark energy. An explicit model is presented by augmenting the Standard Model with an SU (2) L doublet scalar, a singlet scalar and right handed neutrinos where all of them are assumed to be charged under a global U (1) X symmetry. A light pseudo-Nambu-Goldstone Boson, associated with the spontaneously broken U (1) X symmetry, acts as a mediator of an attractive force leading to a Dirac neutrino condensate, with large correlation length, and a non-zero gap in the right range providing a cosmologically feasible dark energy scenario. The neutrino mass is generated through the usual Dirac seesaw mechanism. Parameter space, reproducing viable dark energy scenario while having neutrino mass in the right ballpark, is presented.
Introduction
The lion's share of the energy budget of the Universe is in the form of Dark Energy (DE), which unlike normal matter, produces a negative pressure driving the observed accelerated expansion of the Universe. Astrophysical observations reveal that in the present epoch the DE shares almost 69% of the total energy in the Universe while visible and dark matter together make up to 31% [1] . Various models explaining the origin of DE have been proposed in the literature, for a brief review see e.g., [2] [3] [4] [5] [6] [7] . On the other hand, the existence of highly suppressed neutrino mass is a long standing issue with the Standard Model (SM) of particle physics. Although neutrino oscillation experiments can not measure the exact mass of the neutrinos, but only the mass differences between neutrinos of different generations, neutrinos are supposed to have masses in the eV or sub-eV range. The tantalizing closeness of the dark energy scale (∼ meV) and the mass splitting of neutrinos hints at a possible connection between these two sectors. Scenarios of mass varying neutrinos where the mass of the neutrinos are dependent on the quintessence field called acceleron [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] have been proposed in the literature. Another possibility is considering the neutrino (or some other fermion) condensate as the source of dark energy [25] [26] [27] [28] [29] [30] [31] . In this context, it has been shown that Dirac-type neutrinos can show superfluidity providing a viable dark energy candidate. However, the effect is sizeable if the massive neutrinos couple to an unnaturally light scalar [26] . This problem can be partially evaded when the neutrinos are assumed to be pseudoDirac in nature, and they form condensate via the interaction of a real singlet scalar field [28] . The possibility of a Born-Infeld condensate coupled to neutrinos explaining small Dirac mass for neutrinos and dark energy is considered in [32] .
In this letter we propose a unique variant of the neutrino condensate proposal for the dark energy, in which Dirac neutrinos couple to a pseudo-Nambu-Goldstone Boson (pNGB), which gives an attractive force between the left-handed and the right handed components, forming a condensate. In earlier proposals for neutrino condensate with Dirac neutrinos [26] , it was realized that the mediator scalar field has to be an SU (2) L doublet, and hence, the effective four neutrino interaction would be highly suppressed (∝ f 2 /m 2 Med ≈ f 2 /m 2 EW ), making it cosmologically insignificant. One can relax this constraint by introducing a light singlet scalar field, but the mixing of the singlet with the doublet will bring in similar suppression factor, making the model useless. In our novel scheme to circumvent this problem, we introduce two new concepts. The mediator being a pNGB, the smallness of its mass is naturally explained and this explains why the dark energy dominates our universe only at the present time. The other virtue of this model is that the mixing between the singlet and the doublet is given by the ratios of the two vacuum expectation values (vevs), which are comparable and hence there are no suppression from the mixing. This is ensured by another interesting seesaw mechanism, where we start with two Higgs doublets, and one of them gets a very small vev, with Electroweak scale masses for all the components.
The mediator is a pNGB that arises due to the spontaneous breaking of a U (1) X global symmetry. A soft breaking gives rise to a tiny mass of the pNGB which is technically natural [33] and further insulated from the UV because of the shift symmetry. We also take care of the neutrino mass by a Dirac seesaw like mechanism [34] . Therefore in an unified setup we address the smallness of neutrino mass as well as the origin of DE. The weak scale phenomenology include possible charged scalar at the TeV scale that can provide complementary signatures of this framework.
The rest of the letter is organized as follows. In the next section we lay out the details of our model. In section 3 we discuss the neutrino condensation formation. Allowed parameters and other numerical details are discussed in section 4. Finally we summarize and conclude in section 5.
The Model
We consider the following extension of the SM. Along with SM field content we add a right handed neutrino 1 ν R , (required for neutrino Dirac masses via a seesaw mechanism of the scalar doublets), one scalar doublet η and one scalar singlet χ. With these field content a Dirac mass to the neutrino should arise by the coupling of the the left-handed lepton doublet to the right handed singlet neutrino through the SM Higgs doublet Φ. Given the GeV scale vev of the Higgs, this demands an unnaturally small Yukawa coupling to be in consonance with the observed tiny neutrino mass. Therefore, we introduce an U (1) X global symmetry to forbid such couplings. The relevant quantum numbers for various fields are shown in table 1. With these quantum numbers the only invariant term in the Lagrangian connecting the left and right handed neutrinos is given by,
where η = iσ 2 η * . Within the usual Dirac seesaw mechanism a tiny vev for the η can be arranged for by introducing the following Lagrangian,
For simplicity we do not take into account the other possible quartic terms. Notice that a tadpole for η is generated when both Φ and χ gets a vev. This is arranged easily by introducing the following potential for these fields,
The vev of η is now suppressed by the η mass given by the parameter m η in Eq. 2, which can be large. The quartic coupling between χ and Φ will be crucial to obtain a small vev for the field χ. After the symmetry breaking
em the fields Φ and χ gets vevs v Φ and v χ respectively. While the Goldstones arising from the electroweak sector go into making the W and Z bosons massive by the usual SM Higgs mechanism, we are left with one massless Goldstone associated with the spontaneous breaking of the U (1) X global symmetry. A small mass for the pNGB can be generated by introducing a soft breaking of the global U (1) X ,
We will assume the soft breaking parameter M χ ∼ 10 −3 eV v Φ , is at the cosmological constant scale. This is technically natural, à la t'-Hooft [33] , as the vanishing M χ enhances the symmetry of the theory.
A discussion of the the spectrum arising from the Lagrangian in Eqs. 1-4 is now in order. After the U (1) X breaking by the vev of χ, the electroweak symmetry breaking by Φ would induce an eV scale vev to η. This can, in turn, give meV scale Dirac mass to the neutrino for O(1) Yukawa coupling. In this scenario, the smallness of the vev of η is ensured by restricting the vev of χ and the mass of η.
The interaction between the neutrinos can be mediated by the pNGB that is predominantly a combination of imaginary part of η and χ. However, for the pNGB, the mixing with the doublet is given by the ratio of vevs of η and χ, which will be arranged to be of order one within this framework. Since the mass of the imaginary part of χ is protected by symmetry, as it is a pNGB, the suppression factor in the effective four neutrino interaction is orders of magnitude larger (∝ f 2 /m 2 χ ≈ f 2 /m 2 ν ) than the models of Dirac neutrino condensates studied so far.
In the component form we can write the scalars as,
The minimization of the relevant potential yields,
where a = (2M 2 χ + µ 2 χ ) and b = λ Φχ − 2(µ η /m η ) 2 . To produce a large mixing between the η I and χ I we need v χ ≈ v η ∼ m ν ∼ eV. This can be easily arranged by setting b = 0. We will assume m η ∼ λ Φχ v/ √ 2 and µ η ∼ λ 2 Φχ v/2. In the basis {z, η I , χ I }, the mass matrix squared can be written as
Note that the determinant of M 2 C is zero which implies that at least one of the eigenvalues is zero. This reflects the fact that one of the eigenstate will be the Goldstone of the SM Z boson. The diagonalization of M 2 C will imply a rotation in the basis {z, η I , χ I } to the diagonal { z, η I , χ I }. Now we can approximate various parameters in the model as,
With these choices the three eigenvalues for M 2 C , and hence the diagonal basis states, in terms of small quantity w/v is given by,
We now make the following identifications. The massless state z represents the Goldstone of the SM Z Boson. We will see that the ultra-light state χ I , which is a pseudo-Nambu-Goldstone boson (pNGB), will be responsible for the attractive potential between the Dirac neutrinos in our model. This ultimately gives rise to the superfluid neutrino condensate state providing a viable dark energy candidate. Also in the basis {h, η R , χ R }, the mass matrix squared can be written as,
Then in the diagonal basis { h, η R , χ R } the states and their masses are given by,
The state h can be identified with the SM Higgs, H. There is an additional real scalar state at the neutrino mass scale m 2 χ R ∼ eV 2 . There will also be charged scalar states η ± whose masses are proportional to m 2 η . In figure 1 we qualitatively show the mass spectrum of the model. 
Clearly the first term is the Dirac mass term for the neutrinos and the mass is given by,
. With the choice of various parameters m ν can easily be fixed at values ∼ eV. The second and the third terms can be recast in terms of the mass basis fields as,
Now among these four terms only the first term will give rise to a reasonably strong attractive potential between the neutrinos owing to the lightness (∼ 10 −3 eV) of the state χ I . In the next section we will discuss the effective contact interaction mediated by χ I and the relevant prescription for the formation of neutrino condensate.
Neutrino Condensate Formation
In this section we will briefly discuss the neutrino condensate formation. Here we will follow the prescription of [26] . For small momentum transfer the χ I exchange between the neutrinos can effectively result in a contact interaction, the Hamiltonian for which is given by,
where the effective coupling strength C = y 2 /m 2 χ I
. Now, in the Dirac basis the neutrinos can be represented as,
where ψ L and χ R are two-component spinors. Thus in the two-component form the interaction Hamiltonian can be written as,
where the spinor indices a and b run from 1 to 2. According to the theory of superconductivity, to form a condensate there should exist an overall attractive interaction between the pairing particles, for details see [35] . The Z boson exchange gives rise to a repulsive interaction between two left handed neutrinos [36] , while the condensate can be formed through a spin zero pairing of the left and right handed neutrino mediated by the scalar χ I . So the appropriate condensate can be represented as ψ a L ψ b R = ab D where ab is the usual Levi-Civita tensor and D is related to the gap. Thus, in the mean field approximation the interaction Hamiltonian can be written as,
Starting from this interaction Hamiltonian one can follow the standard Nambu-Gor'kov formalism [37, 38] to derive the gap equation. In our case this energy gap is given by,
A non-zero value of ∆ signifies the successful formation a condensate made up of quasiparticles which are linear combination of left handed and right handed neutrinos. In table 2 we present characteristic values of ∆ for various coherence lengths. Here Λ is the cut-off scale which we identify as the scale of neutrino decoupling which is ∼ MeV [28] and x is a dimensionless quantity given by,
where n ν is typical neutrino number density which is ∼ 110/c.c. The critical temperature (T c ) and the Pippard coherence length (ξ) are given as,
The condensate dynamics is relevant when ξ is comparable to the inter-particle spacing. This is possible when the interaction between the neutrinos are sufficiently strong.
Cosmological Parameters and Numerical Results
Now using the expressions for neutrino mass we can write the following relation, Using the approximations mentioned in Eqs. 9 we can recast this equation as,
We are interested in the region where the Yukawa coupling y remains perturbative. For such values of y the main contribution to the condensate comes from the pNGB with mass m χ I ∼ 10 −3 eV. In figure 2 we show the allowed regions in v χ -m χ I plane for coherence length ξ ∈ (0.001, 1.0) cm and characteristic neutrino mass of 0.01 eV. As can be seen from the figure for reasonable value of parameters in the theory one can reproduce the neutrino mass and at the same time have a non-zero gap signifying formation of a condensate to explain the dark energy of the Universe without being effected by experimental constraints in quantum entanglement. Some other experimental consequences of neutrino condensates are discussed in [39] . A brief discussion presented in [28] shows that such a condensate behaves like a background scalar field which satisfy, in the absence of chemical potential, an equation of state ω = p/ρ = −1. Table 2 : Various parameters {ξ, C, ∆, T c , x} for characteristic m ν = 0.01 eV.
Some benchmark values of the coherence length, energy gap, critical temperature and the parameter x are shown in table 2. From this benchmark values we see that one can obtain a non-zero gap and O(1) K critical temperature for viable masses of neutrinos. This should be contrasted with [26] where the critical temperature is many orders of magnitude smaller than 1 K for any neutrino mass precluding any cosmological implication. Also the present scenario is more relaxed in view of the neutrino mass and correlation length and critical temperature than the pseudo-Dirac case discussed in [28] . Thus, we find that the model provides the required amount of dark energy, as determined by the gap or the shift in background energy ∆, for a reasonable value of the Pippard coherence length. The critical temperature, T c , when the neutrino condensate starts dominating the universe initiating the observed acceleration, comes out to be close to the present background microwave radiation temperature, which explains another coincidence problem: why the universe started accelerating only now. In this scenario, the neutrino mass is related to the neutrino condensate and determined by the vev of the field η, which also explains why the amount of dark energy is comparable to the matter density of the universe.
Within this setup we have a spectrum with two eV scale real scalars χ R and χ I , that will affect big bang nucleosynthesis (BBN). These light states will contribute to the effective relativistic degrees of freedom, δN eff ≈ 4/7g χ (T χ /T ) 4 ∼ 1.14, which is marginally allowed from BBN data [40] . Further the charged Higgs, η ± , arising from the second doublet can mediate the annihilation of right-handed neutrinos to the lepton pairs via t-channel processes modifying the BBN calculations. Following the prescription described in [41] , a typical v η = v χ ∼ 0.5 eV and O(1) Yukawa couplings is consistent with the charged Higgs mass of order ∼ 100 GeV as presented in Fig. 2 .
Summary and Conclusion
In this letter we have presented a simple scalar extension of the SM that provides Dirac mass to the neutrino and at the same time explains the dark energy of the Universe through a neutrino condensate mediated by a light pNGB scalar associated with the global abelian symmetry in the neutrino sector. Due to the attractive force mediated by the light pNGB the neutrino condensate forms and the resulting gap, ∆, for a reasonable value of the coherence length determines the required amount of dark energy in the Universe. A single, technically natural small parameter, protected from UV physics by a shift symmetry, in the theory correlates the smallness of the neutrino mass and the light mass of the mediator. We find that in a region of parameter space the theory can accommodate the observed data for neutrino mass and dark energy parameters without large finetuning.
